Dinuclear ruthenium complexes were shown to exhibit strong antiproliferative properties in human tumor cell lines. In order to extend the structure-activity relationships (SARs), a series of new Ru II (arene)X complexes (X = Cl, Br, I) linked by pyridinone-based spacers were synthesized and assayed for their in vitro antineoplastic effect. The SARs were established in terms of the arene ligand, the leaving group (the halide ligand), and the nature and number of the metal centers. It was demonstrated that, besides the previously shown effect of the spacer length, the nature of the metal center has the biggest influence on the in vitro anticancer activity. The halide ligand had no effect on the cytotoxicity, due to rapid formation of the same aquation product for all evaluated compounds. Furthermore, nearly identical activity was observed when varying the arene ligand from p-cymene to biphenyl. However, the number of metal centers was found to be important, with the dinuclear compound being more active than the analogous mono-and trinuclear species.
Introduction
Organometallic complexes have recently gained attention as antitumor agents [1] [2] [3] [4] [5] and can be tuned to facilitate the uptake of the complexes into the cells or for selectivity for reactions with DNA or proteins. 6, 7 In order to enable covalent interaction with biological targets, the compounds are usually equipped with a halide leaving group, most frequently a chloride.
2,3,6,8-11 Replacement of chloride by other halides or carboxylates may play a role in the behavior of such complexes in aqueous solution. 12 Furthermore, in dependence of the electronic properties of the ligands, the complexes' properties may be modulated in terms of their aquation, pK a of the aqua complexes, and nucleobase specificity (e.g., in [Ru(η 6 -arene)Cl(ethylenediamine)]PF 6 , 8, 9 RAPTA, and analogous complexes 6,10,11,13 ). Furthermore, (organometallic) analogues with Os and Rh were assayed for their tumor-inhibiting properties. [14] [15] [16] [17] [18] [19] Ruthenium complexes have shown potential as anticancer agents with high activity in different tumor models. As a result of tumor selectivity, 20 they show low general toxicity, *To whom correspondence should be addressed. Phone: þ43-1-4277-52609. Fax: þ43-1-4277-9526. E-mail: christian.hartinger@univie.ac.at; alex.nazarov@univie.ac.at.
( 21, 22 Polynuclear organometallic Ru compounds have been rarely studied for their anticancer properties, and if they were assayed, they exhibited lower activity than their mononuclear analogues, 23, 24 whereas in the case of platinum complexes the linkage of metal centers has led to the development of compounds overcoming resistance of cancer cells to cisplatin. [25] [26] [27] We have recently reported on the development of dinuclear organometallic compounds 28, 29 with high in vitro anticancer activity, whereas the mononuclear maltolato compound was found to be inactive. 18 The activity of compounds initially appeared to be determined by their lipophilicity; 28 however, DNA and protein interaction studies revealed high potential for DNA-protein and interduplex cross-linking. 30 In order to set up structure-activity relationships for ruthenium(II)-arene complexes with pyridinonato ligands, the influence of the type of metal center and of the leaving halide ligand as well as of the nature of the arene group and the number of metal centers on the antineoplastic activity was studied.
Results and Discussion
Dinuclear Ru(II)-arene complexes with the metal centers being linked by coordination to alkyl-bridged pyridinone ligands were shown to exhibit high in vitro antitumor activity, and studies on their mode of action were reported previously. [28] [29] [30] In order to expand the structure-activity relationships from the mere spacer length to other structural features, herein the series of dinuclear complexes is extended to trinuclear compounds, the ruthenium center has been replaced by Os(II), and the influence of the arene ligand and the leaving halide is discussed (Figure 1) Influence of the Metal Center: Ruthenium vs Osmium. In comparison to numerous Ru(II)-arene complexes, which were already evaluated for their tumor-inhibiting properties, only a few Os(II)-arene complexes with anticancer activity were reported. Recently, Dyson et al. have compared the effect of replacing Ru by Os in RAPTA-C, a well-explored drug candidate, and found for Ru and Os only minor differences in terms of in vitro anticancer activity, while a structurally related Rh complex was significantly more active.
15
A comparison of Os and Ru ethylenediamine complexes revealed that the Ru compounds are much more active than their Os analogues, 16 whereas in other cases the Os compounds are the more potent agents, 32 or both compounds are equally active as in the case with paullone ligands. 33 When the osmium(II) complexes 1a and 2a are compared to the analogous Ru(II) complexes 1b and 2b, a first obvious difference between the Ru and Os complexes is a significantly lower solubility in water of both osmium complexes. Comparison of the aquation by 1 H NMR and UV-vis spectroscopy revealed similarly rapid exchange of the halogenido by aqua ligands for both Os and Ru complexes. Accordingly, the 1 H NMR spectra of the osmium complexes in D 2 O did not change over time (followed for 24 h) or after addition of AgNO 3 to induce the release of the chlorido ligands, also suggesting instant and quantitative aquation. A kinetic study on the stability of 1a in water by UV-vis spectroscopy (two absorption bands at 322 and 222 nm) indicated only slight changes within 24 h.
Investigations on the in vitro activity of the osmium complexes 1a and 2a in the human tumor cell line SW480 have shown a SAR parallel to the analogous ruthenium complexes:
28 a correlation between the chain length and the cytotoxicity was observed, but the Os complexes are approximately 3-6 times less active than the Ru analogues 1b and 2b (Table 1 ). The influence of the metal center was The higher activity of the compounds with longer spacers may be explained by the higher lipophilicity, as indicated by the lower water solubility, 28,34 but also by different extents of interaction with DNA and proteins. 30 The Os complexes are significantly more lipophilic than the Ru compounds, and therefore it is assumed that the generally more inert nature of third-row transition metal ions might play an important role for antineoplastic efficacy. Since hydroxido complexes do not react as readily as aqua complexes with biomolecules, the increased propensity of Os complexes to form hydroxido species at physiological pH might lower the reactivity toward biological targets and alter the cellular uptake.
18
Influence of the Halide: Chloride vs Bromide vs Iodide. In an attempt to alter the aquation kinetics and thereby the anticancer activity of dinuclear Ru(II)-arene complexes, the bromido and iodido compounds 3a and 3b were prepared and compared to their chlorido analogue 1b. The kinetic studies on the stability of the bromido and iodido complexes 3a and 3b, respectively, in water by UV-vis spectroscopy have shown no spectral changes over 24 h. This is similar to the behavior of 1b, since aquation of the ruthenium complexes was observed within minutes. 34 Comparing the 1 H NMR spectra of the chlorido complex 1b and the bromido complex 3a in CDCl 3 (Figure 2 ) shows for 1b four doublets for the protons of the p-cymene rings, indicating that the epimerization of the chiral metal center, leading to nonequivalent aromatic protons, is sufficiently slow to be observed, whereas the spectrum of 3a contained only two doublets. In addition, the chemical shift of the aromatic protons is slightly different. Mixing both CDCl 3 solutions and addition of a small amount of D 2 O induced a change in the multiplicity of the aromatic proton signals. This suggests that the fast aquation results in the formation of a single product that is identical for both compounds, i.e., {[Ru(pcymene)(H 2 O)] 2 L} þ2 , which was also confirmed by UV-vis spectroscopy, with both aquation products showing the same absorption maximum. A cytotoxicity assay involving the halide complexes revealed mostly small differences of the in vitro activity of 1b, 3a, and 3b in SW480 and A2780 cells (see Table 1 ). This is likely the effect of rapid aquation, which leads to the formation of the same products.
Influence of the Arene Group: p-Cymene vs Biphenyl. The arene ligand is another structural feature that was found to play an important role in the mode of action and the tumor-growth inhibition of Ru(II) complexes. 35, 36 In order to extend the π-electron ring system of the arene ligand and to enable hydrophobic π-π stacking interactions with DNA bases, the p-cymene of ligand of 1b was replaced by biphenyl, leading to the more lipophilic complex 4. Compound 4 is ca. 6 times less soluble than 1b, but surprisingly exhibits a similar biological activity (see Table 1 ). This result is another indication that the lipophilicity does not exclusively determine the antitumor activity of the compound class. For clarification of SARs, a larger set of compounds might be required.
10,11,35,36 However, for the biphenyl/p-cymene system in [Ru(arene)(en)Cl] þ complexes similar ratios of IC 50 values were reported.
35,36
Influence of the Number of Ruthenium Centers: Mono-vs Di-vs Trinuclear. The in vitro anticancer activity of 1b, its closest mononuclear analogue 5, and the trinuclear complex 6 (Figure 1 ) was compared. In both SW480 and A2780 cells, 1b was identified as the most active species, while there is no meaningful difference between the mono-and the trinuclear complex (see Table 1 ). Comparing the lipophilicity of the three compounds, reflected by their solubility in water, shows that the mononuclear complex 5 is the most soluble, followed by 6 and 1b (Table 1 ). The good solubility of 6 is surprising and might be explained by the presence of a protonable tertiary amine. The dinuclear compound 1b represents a good compromise between solubility and lipophilicity necessary for cellular uptake. The modification of the compound to link a higher number of ruthenium moieties improved the water solubility but decreased the biological effect.
Furthermore, the comparison of the mononuclear pyridinonato compound 5 with the maltolato analogue chlorido-(maltolato-κO4)(η 6 -p-cymene)ruthenium(II), 7, 18 reveals a drastically higher in vitro activity for 5 (Table 1) .
Conclusions
The influence of modifying the structure of dinuclear Ru-(II)-arene complexes linked by chelating pyridinone-based spacers was investigated with regard to tumor-inhibiting activity in vitro. Taking water solubility as a measure for lipophilicity, an increase of the latter by extending the spacer length results in a higher antineoplastic potency in both Os and Ru compounds. Changing the nuclearity causes a less pronounced effect on in vitro activity than changing the metal center from Ru to Os or modifying the spacer length. Although the trinuclear complex is more water-soluble than the mononuclear compound, both were found to exhibit similar antitumor activity. Modifying the leaving group or changing the arene ligand to a more extended π-electron system has only minor effects on the in vitro activity. Notably, replacing the cymene by a biphenyl group causes a significant change in lipophilicity but does not alter the activity against cancer cells to a meaningful extent. This shows that factors other than lipophilicity relevant for the capability of hitting biomolecular targets, as observed for other non-platinum as well as for platinum compounds, 6,20,37-41 might play an important role in the mode of action.
Experimental Section
All the chemicals purchased were used without further purifications. All reactions were carried out in dry solvents and under argon atmosphere. Bis[dichlorido(η 46 Silica gel (Fluka-60, 70-230 mesh) and silica gel plates (Polygram SIL G/UV254) were used for preparative and thinlayer chromatography, respectively.
Melting points were determined with a B€ uchi B-540 apparatus and are uncorrected. Elemental analyses were carried out with a Perkin-Elmer 2400 CHN elemental analyzer at the Microanalytical Laboratory of the University of Vienna. NMR spectra were recorded on a Bruker Avance DPX400 spectrometer (Ultrashield Magnet) at 400.13 ( 1 H) and 100.63 MHz ( 13 C{ 1 H}) at 25°C in d 4 -MeOH or in d 6 -DMSO. Electrospray ionization (ESI) mass spectra were recorded on a Bruker Esquire3000 instrument (Bruker Daltonics, Bremen, Germany). Theoretical and experimental isotope distributions were compared. Ultraviolet-visible (UV-vis) spectra were recorded on a Perkin-Elmer Lambda 650 instrument from 500 to 200 nm.
Purity of >95% for all compounds was confirmed via elemental analysis (see Supporting Information).
Syntheses. Bis[dibromido(η 6 -p-cymene)ruthenium(II)], 1 0 . A solution of potassium bromide (3.00 g, 25 mmol) in water (20 mL) was added to a solution of bis[dichlorido(η 6 -p-isopropyltoluol)-ruthenium(II)] (0.50 g, 0.82 mmol) in chloroform (20 mL), and the mixture was stirred vigorously for 2 days. The phases were separated, and a red solid was obtained after evaporation of chloroform and dried under vacuum.
Yield 2,2 0 ,2 00 -Tris[3-benzyloxy-2-methyl-4(1H)-pyridinon-1-yl]triethylamine (6a). Sodium hydroxide (1.40 g, 35.0 mmol) was added to a solution of 3-benzyloxy-2-methyl-4-pyrone (10.0 g, 46.2 mmol) and tris(2-aminoethyl)amine (1.5 g, 10.3 mmol) in a methanol/water mixture (2:1, 210 mL). The reaction mixture was refluxed for 48 h and then allowed to cool to room temperature. The product was extracted with dichloromethane (3Â 50 mL), and the solvents were removed under vacuum, yielding a brown oil. The beige product was obtained by silica gel chromatography with pure methanol.
Yield 2,2 0 ,2 00 -Tris[3-hydroxy-2-methyl-4(1H)-pyridinon-1-yl]triethylamine (6b). Hydrogen was passed through a suspension of 6a (0.50 g, 0.67 mmol) and palladium on activated carbon (0.10 g) in 100% acetic acid (40 mL). The conversion was monitored by means of TLC, and the reaction was terminated as soon as the spot of the starting compound had disappeared. The catalyst was filtered off, the solvent was removed, and the product was dried under vacuum.
Yield: 0.20 g (63%), mp 200-210°C (dec). -p-cymene)metal(II)] (metal = osmium, ruthenium) in methanol was added to a suspension of pyridinone ligand and sodium methoxide in methanol. The reaction mixture was stirred at room temperature for 2-4 days. The excess of ligand was removed by filtration, and the solvent was evaporated under vacuum. Mendoza-Ferri et al.
1,6-bis[3-hydroxy-2-methyl-4(1H)-pyridinon-1-yl]hexane (100 mg, 0.30 mmol), and sodium methoxide (36 mg, 0.66 mmol) in methanol (30 mL) were used. The complex was extracted with a dichloromethane/diethyl ether mixture (2:1, 45 mL), the solvent was removed, and the yellow compound was dried under vacuum.
Yield: 176 mg (66%), mp 248-254°C (dec 
